ABSTRACT As high-precision instrumentation is becoming more portable and cost-effective, an opportunity has arisen to move the electrochemical analysis techniques out of the laboratory and into novel application environments. The increased demand in electrochemical systems driven by a new age of technology sees the need for devices that are adaptive to the following: 1) portable, allowing for handheld and user-friendly field-based testing; 2) embeddable, allowing for long-term in situ assays; and 3) low cost, allowing for largescale, parallel simultaneous experiments. To address these needs, we propose a potentiostat platform which allows for a variety of electrochemical assays to be performed on a miniaturized, battery-powered, low-cost device. This device incorporates the three key components of a potentiostat: output stage, input stage, and control/communications, into a single 27 mm × 20 mm footprint. The device is evaluated through several bench tests which confirmed the accuracy of both the precision voltage output and current measurement input of the device. Subsequently, three electrochemical experiments were conducted to evaluate the realworld performance and application of the device. These experiments allowed for the confirmation of the devices capability to accurately perform chronoamperometry, cyclic voltammetry, and anodic stripping square wave voltammetry. These experiments clearly indicated that the device operates as an analytically useful potentiostat, outputting accurate voltages, and precisely measuring the resulting current.
I. INTRODUCTION
An unprecedented increase in available computing power combined with advances in micro and nano fabrication techniques have led to a shift in analytical laboratory measurement techniques. With increased availability and ubiquity of advanced, high-speed precision electronic components, the processing power available in the ''pocket'' of the average researcher now dwarfs that contained within an entire laboratory in the past [1] , [2] .
Through the reduction in size, power consumption, and overall cost of required precision componentry required to perform full measurement and analysis, electronic instruments are now leaving the laboratory and being employed in a variety of applications, from embedded structural [3] , [4] The associate editor coordinating the review of this manuscript and approving it for publication was Norbert Herencsar. and precision agriculture sensors [5] , [6] , to wearable medical sensors [7] . The application of these embedded devices within the medical arena, has even shown considerable promise for continuous monitoring of in-vivo neurochemicals for the treatment of neurological conditions [8] , [9] . Devices that are suitable for easy and comfortable wear by a patient, which can sense, quantify and report the current state of key bodily parameters in real time (i.e. neurochemistry, blood stream, urine) are changing the way we observe modern healthcare. The lengthy time scales required from initial visitation to diagnosis and treatment for advanced health issues are being reduced by interfacing analytical chemistry and electronic engineering. This leaves us with the potential capacity to couple analysis and treatment into a single device capable of applying treatments in response to realtime physiological measurements, providing a personalized and appropriate care [10] .
Electrochemical analysis is a key set of laboratory techniques which provides highly selective and quantitative detection of target analytes, in comparison to costly, unstable and irreproducible bioluminescent and chemiluminescent systems [11] - [16] . Currently these techniques are largely confined to laboratories and require bulky and expensive instruments to implement the sophisticated analysis systems. In several applications, electrochemical analysis is required to be portable, to allow for handheld field testing, embeddable, to allow for long-term in-situ assays, and low-cost, to allow for large scale, parallel simultaneous experiments. The recent reduction in the footprint, power consumption, and cost of high precision electronic components means that precision electrochemical analysis devices can be developed for the above scenarios.
One of the most important electrochemical analysis techniques is voltammetry, where a known potential is applied across two or more electrodes, and the resulting current flowing through the cell is analyzed [17] , [18] . There are many techniques which fall under the umbrella of voltammetry, including: linear sweep, square wave, alternating current and cyclic voltammetry [18] - [22] . The three essential elements of a voltametric system are the computer, potentiostat and electrochemical cell, many researchers are already working on developing miniaturized computers and electrochemical cells. This leaves only the precision potentiostat, in which miniaturization is taken more time to fully realize.
Research has also been undertaken in developing high precision complementary metal-oxide-semiconductor (CMOS) potentiostat circuits, which have significant advantages in both size and power consumption when compared to the devices utilizing discrete componentry. However, the high cost of development, lack of output customization, and difficulty in modification have meant that their adoption up to this point has been limited [23] , [24] . Efforts have also been made in the adaption of smart phones for use as a potentiostat, however, due to a number of inherent drawbacks of smartphone systems their usage has generally been limited to low resolution drug detection devices within lab-on-achip (LOC) systems [25] . Single chip solutions have been developed by several companies, such as the LMP91000 by Texas Instruments, however, as they are generally designed for specific applications they lack customizability and are of limited use as generic electrochemical instruments. Simultaneously, studies have reported new development and testing of general-use handheld potentiostat devices utilizing discrete components [20] , [26] , [27] . These devices are highly customizable, and relatively low-cost as they utilize readily available parts, however, they have been developed for handheld or desktop use, and as such are not well suited for integration into embedded long-term in-situ analysis devices.
An example is the CheapStat developed by Rowe et al. [28] , a low-cost potentiostat aimed at use in educational laboratories and research laboratories with limited funding. This device is an open-source handheld potentiostat using discrete components, which can be produced for around $80 per unit.
It allows a researcher to undertake electrochemical experiments without a significant equipment investment. However, as this device is designed for laboratory use, it is too large to be included in an embedded micro-system, not optimized for low power usage and too expensive to be used as a sensor in a large distributed sensing network.
A customizable device which can perform accurate and precise potentiostatic measurements in a miniature formfactor while still maintaining cost effectiveness would prove to be a significant advantage in moving electrochemistry towards high resolution, portable, embedded, and interconnected devices. To address this gap, within this research we present the MiniStat, an accurate, small form-factor, low-cost potentiostat which will provide a meaningful step forward in electrochemical instrumentation.
II. MATERIALS AND METHODS

A. DESIGN
The capabilities of a potentiostat vary greatly based on the intended use of the device, particularly regarding: techniques available, potential range, rate of potential change, current measurement range, resolution and sampling rate. The key design goals for the MiniStat were to develop a device suited for general electrochemical analysis in the smaller formfactor.
The device demonstrated in this study is designed to output a typical potential range using a standard 3-electrode configuration, whilst being able to accurately sense currents in the micro to nano ampere range. Additionally, the device has been designed in such a way that its key parameters can be tuned for a specific application with only a minor circuit changes. The device was designed to run on a rechargeable, single cell lithium polymer battery, however any power source above 3.7 V would be suitable, including a 5 V supply provided through a Universal Serial Bus (USB) port. The device was designed in the smallest possible formfactor while still maintaining ease of manufacture, and utilizing low-cost discrete components, rather than developing a custom CMOS chip. The functional design and full circuit diagram for the MiniStat are shown in Figure 1 .
A potentiostatic circuit requires three key components: an analogue output stage, an analogue input stage, and a digital control / communications and data processing stage. The output stage applies the precision voltage level to the electrochemical cell. In a general-use potentiostat, this stage should allow for a wide variety of waveforms to be applied, to enable various electrochemical techniques. The input stage converts the measured current in the electrochemical cell into usable digital data. Finally, the digital data processing stage analyses the current changes as a function of voltage or time and communicates this to the user. This generic design motivated the circuit presented in Figure 1 , which includes each of the three key potentiostat stages. This circuit can operate as a fully functional potentiostat, suitable for use in a variety of electrochemical experiments. 
B. ANALOGUE CIRCUIT 1) OUTPUT STAGE
At the core of the MiniStat is a small-footprint, analogue circuit which allows for the precise control of the potential difference between the working electrode (WE) and the reference electrode (RE), in a 3-electrode cell. The potential between the WE and RE is controlled in this design by maintaining an inverse potential at the CE. To be able to accurately achieve this, the circuit has been designed in several stages. The first stage comprises a level-shifting, inverting amplifier where a unipolar control signal (0 -1 V) is transformed into an inverted bipolar signal. After this, a second inverting amplifier transforms the signal back into the initial polarity and buffers the output. This buffer stage includes a feedback component from the reference electrode through a unity gain amplifier. This feedback signal greatly increases the input impedance of the reference electrode minimizing reverse current flow.
The potential input to the electrochemical cell through the CE is determined by the following equation:
where V in is the input Digital to Analog Converter (DAC) voltage, V ref is the buffer voltage, R i1 is the inline resistor for the level-shifting, inverting amplifier, R f 1 is the VOLUME 7, 2019
feedback resistor for the level-shifting, inverting amplifier, and R i2 and R f 2 are the inline and feedback resistors for the buffer op amp, respectively. As can be observed from this equation, the signal output is adjusted by the feedback resistors in both amplifiers, and the amplitude of the reference voltage.
2) INPUT STAGE
To gather accurate current measurements, this device also includes a highly precise input measurement circuit. This circuit converts the small changes of current within the electrochemical cell to a voltage which can be read by an Analog to Digital Converter (ADC). The first part of this circuit comprises an inverting transimpedance amplifier, converting the current seen on the inverting input to a voltage, whilst presenting the cell with a very high input impedance. The signal is then inverted and biased to convert the measured bipolar signal to a positive signal which can be read by an ADC, with the gains of both amplifiers able to be tuned to the requirements of the application. This amplifier configuration has an output determined by the following equation:
where I in is the measured current, V ref is the buffer voltage, R f 3 is the feedback resistor for the transimpedance op-amp, R f 4 is the feedback resistor for the inverting-buffer amplifier and R i3 is the inline resistor. From this equation, it can be observed that the output of the measurement circuit can be easily altered to optimize for a specific range of current values by changing the feedback resistors. In the case of the MiniStat a simple surface mount resistor was used, and the measurement range was fixed at ±100 µA. However, if a variety of measurement ranges in a single device is required, the onboard resistor could be replaced with a digital potentiometer integrated circuit. This would allow the device to change the input range on the fly without any physical changes to the device. This was not included in this version of the MiniStat as it would increase the cost and size of the device. It should also be noted that the process to convert this system to a 2-electrode system is simple. This is achieved by connecting the reference and counter electrodes, together they can act as a reference.
3) COMPONENT SELECTION
One of the key design considerations for this device is the selection of appropriate components. The components used in this design must be highly precise, have small formfactor, and be low power. The op-amp chosen to act as the transimpedance amplifier is the Texas Instruments OPA381 (TX, USA). This amplifier was chosen because it is a high precision amplifier designed specifically for transimpedance operation. The amplifier has an offset current of 3 pA and an 18 MHz gain bandwidth in a very small (3 × 3 × 1 mm) formfactor. The other four amplifiers used in this design were all Texas Instruments TLV4171 (TX, USA) which is a quad rail-to-rail, low-power op-amp IC, providing all the remaining op-amps in a single small-footprint package. For the operational amplifiers in this design to measure and produce bipolar signals, both positive and negative power supplies were required. As the circuit is running off a battery, an inverting circuit was required to supply the negative rail. To achieve this, the MiniStat utilizes an inverting chargepump circuit. This circuit is a type of switching regulator which charges and discharges internal capacitors to alter the output voltage levels. The key advantage of charge-pump converters is the very small footprint in which they can be implemented. The charge pump converter chosen for the MiniStat is the Linear Technology LT3260 (CA, USA). This IC includes both positive and negative regulated outputs in a small form-factor. This allows for both supply rails of the op-amps to be supplied and regulated while allowing for a connected microcontroller to enable and disable the power to the analogue circuitry as required.
C. MICROCONTROLLER
The microcontroller used in the MiniStat is the Microchip Technology ATxmega32E5 (AZ, USA). The XMEGA E family of microcontrollers are low-power, 32 MHz, 8 / 16-bit microcontrollers based on an enhanced reduced instruction set computing (RISC) architecture. Since many of the AVR instructions require only a single clock cycle to run, the ATxmega32E5 allows for near 32 million instructions per second (MIPS). This microcontroller offers 32 KB of flash, 26 programmable Input / Output lines, two 16-bit timer/counters, and an internal real-time clock. Additionally, it includes a two channel 12-bit DAC and a 12-bit ADC with inbuilt oversampling and averaging. These features mean that the Atxmega32E5 is ideal for a low-power instrumentation application like the MiniStat.
1) DAC & ADC
The 12-bit DAC in the ATxmega32E5 includes two separate continuous-drive output channels with up to 1 MS/s per channel. This internal DAC was selected over an external chip with higher resolution to minimize the size of the MiniStat device, as well as to ensure power consumption is kept at a minimum. The first DAC channel is connected to the V ref point of the operational amplifier to alter the offset of the output signals. The second channel is used to control the potential between the working electrode and reference electrode. Using the potentiostatic output circuit (shown in Figure 1 ), the circuit is capable of controlling potentials between −1.2 V to +1.2 V with a resolution of 0.6 mV. This is an adequate range of resolution for many common electrochemical experiments, however, if a more specific range is required the circuit could be altered by changing the feedback resistors to gain greater precision.
The 12-bit Successive Approximation Register ADC in the ATxmega32E5 is used to sense the current in the electrochemical cell through the sensing amplification circuitry. The internal ADC can take up to 300 kS/s and has several internal reference voltages. Through oversampling and decimation, the resolution of the internal ADC has been increased to 15 bits. At a full-scale measurement of 200 µA (−100 µA to 100 µA), this internal ADC is capable of a theoretical measurement resolution of 6 nA. The internal ADC ATxmega32E5 was selected for use in the MiniStat as the capabilities of this ADC are only matched by high end external ADC chips, which would increase the cost, power usage and the size of the final device.
2) PROGRAMMING
The MiniStat is programmed using the C programming language and involves six main steps. In the first step of the program on the MiniStat the data direction is set, this initializes the Light Emitting Diode (LED), activates the LT3260 dual supply chip and sets the ADC pin as an input. During the second step, the LED is flashed to indicate that the device has powered on correctly. The third step incorporates reading the stored configuration settings for the experiment that is being run. If the experiment is voltammetry, it additionally reads the top and bottom voltages, as well as the scan-rate and number of scans which are required. The fourth step sets up the chip components to reflect the experimental requirement. After this process is complete, the experiment is begun. The DAC is updated to output the appropriate potential difference to the cell, and the ADC records the resultant current. This data is sent via the Universal Synchronous/Asynchronous Receiver/Transmitter (USART) interface to the recording computer which then uses code written in R to display the measurement to the user. Once the experiment is complete, the device flashes the LED again and moves into standby mode.
The first step of the receiver R program is to connect to the USART stream from the MiniStat and convert it into a useable format (data-frame). Subsequently, the raw ADC and DAC values are converted to voltage values, and then the ADC value is converted into a current measurement using the values found in (1) and (2) . Once this is complete, the final step is to plot the voltammogram live in the plotting window for visualization and analysis. A key advantage of the MiniStat is that it is designed for use with open-source software for the analysis, compared to commercial systems which use expensive software tools to analyze results. This means that the analysis can be performed on any computer capable of connecting to a low-cost USART to USB interface (<$5) and running the R environment. All the analysis performed in this paper was done in the R programming language utilizing the R serial library and built in plotting functionality.
D. FABRICATION
All the electronic components used to build the MiniStat were purchased from Digikey Electronics (MN, United States) at a total cost of ∼$ 20 per device (at single quantities), this cost could be easily reduced to < $10 if the components were ordered in bulk. The final dimensions of the MiniStat PCB are 27 mm × 20 mm at an approximate cost of $ 5 per device. The final device was assembled on-site at Deakin University and is shown in Figure 2 . 
E. ELECTROCHEMISTRY
All solutions were made using ultra-pure water (18.6 M .cm) unless specified. Cyclic Voltammograms were recorded by an Autolab PGSTAT204 potentiostat (Metrohm, NL) (∼$8000 USD, with dimensions 520 mm × 160 mm × 420 mm) using Nova 2.1.2 software as well as the MiniStat using a standard three-electrode configuration consisting of a 3 mm glassy carbon working electrode, an Ag|AgCl (3 M) reference electrode and a platinum wire as the counter electrode (CH Instruments, USA). Before analysis, the platinum counter electrode was washed with ultra-pure deionized water (Merc, USA) and flamed, while the glassy carbon working electrode was polished using 0.3 µm alumina powder, briefly sonicated, rinsed (water, acetone), and air dried. 1 mM Potassium Ferricyanide (>99%, Ajax Chemicals, Australia) was made up in 1 M KCl electrolyte (Bio Lab, Australia). Data presented and used for calculation of the diffusion coefficient was taken from the second cyclic voltammogram from each set.
Glucose measurements were carried out using FreeStyle Optium Blood Glucose Test Strips (Abbott Laboratories, USA) purchased at a local chemist. Glucose (-D isomer, AR grade, Merck, Australia) standards were made up in 0.1 M Tris-NO 3 pH 7 buffer (Thermofisher, Australia) and allowed to equilibrate for 4 hours prior to analysis. 30 µL of the test solution was dropped onto the end of the test strip, and a single potential step of −0.6 V was applied for 30 seconds in two electrode mode (as the test strips make use of an integrated counter and reference electrode). Each concentration measurement was performed three times (using a new test strip each time).
Anodic Stripping Square-wave Voltammetry (ASSV) was performed using a 2 mm gold electrode (CH Instruments, USA) and identical reference and counter as described above. Copper standards were made from Copper Sulfate (CuSO 4 .5H 2 O, 98+ %, Sigma Aldrich, Australia) in 2.6 % HCl (Diluted from 32%, Analysis grade, Merck, Australia). The electrode was held at −0.5 V (deposition) with stirring for 120 seconds, followed by a 30 second rest before being scanned using Square Wave Voltammetry implemented by the MiniStat (0 − 0.6 V, 2.5 mV steps, 40 mV amplitude, 10 Hz). Each solution was tested once, with the electrode polished between each concentration.
III. RESULTS AND DISCUSSION
A. BENCH TESTING AND CHARACTERIZATION
The two key performance characteristics of any potentiostat are: the capability for the device to accurately set the potential difference, and to accurately measure the resultant current. To assess the performance of the MiniStat against these criteria, four bench tests were developed to evaluate the operation of the device in controlled scenarios prior to in-situ evaluation. The MiniStat was powered by single 9V battery during these four tests.
The first two bench tests were designed to evaluate the linearity of the input and output circuitry from the MiniStat device. In the first test, the device was connected across a variety of resistive loads and the DAC output was adjusted, the output voltage of the counter electrode was then measured using a digital voltmeter. In the second test, the device was connected across a range of resistive loads with a variety of output voltages, and the resultant current was measured. The current measurement was performed using the voltage measurements taken from Test 1 and by measuring the resistive loads using a digital ohmmeter.
For the first test, the output of the MiniStat was within 2 % of the ideal case calculated using (1), this is within the tolerance range of the components used in fabrication. The same was seen in the current input with the measured results being approximately 2 % different from the ideal case calculated using (2) . Both tests had a coefficient of determination which indicates a perfect fit (R 2 = 1), showing that the linear equation calculated from the regression line could approximate the data points near perfectly, results shown in Figure 3 . If a higher accuracy is required, a calibration routine with known calibration loads can be completed.
The third bench test was designed to assess the accuracy of the device while connected across a purely resistive load (12 k ± 1 %). The voltage was scanned from −0.5 V to +0.5 V to give a wide range of output currents, at a scan rate of 100 mV/s, results are presented in Figure 3 . Using the gradient of the measured current, the resistance was calculated to be 11.94 k , which was well within the precision rating of the resistor used. A secondary measurement was taken using a multimeter and the resistance was found to be 11.94 k , confirming the MiniStat result. This test allows for the calibration of the device against a known resistance.
This calibration routine could be integrated into the device, to enable calibration when the device is operated remotely. If this is required, one or more precision resistors with a low temperature coefficient could be integrated into the system, and an electronically controlled micro-switch could be used to switch the potentiostat from the output pins to the onboard calibration resistor. The device could read the current measurements reported from the precision resistor and store any required corrections into the on-board memory. This would allow the user to verify the operation of the device remotely, or even include regular recalibration as part of the normal operation of the device. Therefore the maintenance cost would be reduced by allowing the user to remotely recalibrate the device. This facility was not included in this version of the MiniStat as it would have increased both programming and hardware complexity and it is not required in every use case.
The final bench test was designed to assess the accuracy of the device while connected across a complex load (12 k , 20 µF ± 1 % in series) modeling a resistive / capacitive electrochemical cell. The voltage was scanned from +0.25 V to +0.75 V, giving an optimum output range of ∼ 2 µA, at a scan rate of 100 mV/s, results are presented in Figure 3 . Using the peak current measured in this test, the capacitance was determined to be 19.3 µF which is well within the ± 10 % precision rating of the capacitor used, a secondary measurement was taken using a multimeter and the capacitance was found to be 19.3 µF, confirming the MiniStat result.
In order to further characterize the performance of the MiniStat it was connected to an electrochemical cell of R = 1k , C = 1nF and a voltage of 1V was applied. The electronic characteristics were measured using a Rigol DS1054Z oscilloscope, the results of these evaluations are presented in Table 1 . 
B. CYCLIC VOLTAMMETRY VALIDATION WITH POTASSIUM FERRICYANIDE
The redox behavior of the potassium ferricyanide samples was investigated at a concentration of 1 mM, in 1 M KCl electrolyte. Cyclic voltammograms were recorded by sweeping the potential between -0.1 V and 0.8 V, at various scan rates, with the experiments performed on both the commercially available potentiostat and the MiniStat to confirm that both current and potential are measured correctly, as shown in Figure 4 .
The measured peak oxidation current was within 10% of the commercial potentiostat at over a range of scan-rates (14 µA commercial vs. 13.3 µA MiniStat at 0.05 V/s), with the measured E 0 of the ferri/ferrocyanide peak within 11 mV over the scan rate range 0.01 to 0.5 V/s (average of 281 vs 270 mV for the commercial system and MiniStat, respectively). It should be mentioned that measuring peak currents from cyclic voltammetry (CV) is somewhat arbitrary and these results are well within an acceptable range, in addition, a calibration routine using a fixed load could easily be added to the MiniStat to increase the precision of measurement.
To further compare the two instruments, the diffusion co-efficient of the ferri/ferrocyanide system was measured with both systems, this measurement considers the potentiostat performance over a range of conditions (scan rates and currents). The measurements were in good 
C. AMPEROMETRY USING COMMERCIAL GLUCOSE TEST STRIPS
To test the capability of the MiniStat at performing chronoamperometry, commercial glucose test strips were used to analyze a range of glucose standard solutions which were expected to be linearly related to the measured current. Glucose test strips measure glucose using the glucose oxidase enzyme and a suitable enzyme substrate (in this case, NAD + ), the conversion of which can easily be electrochemically measured and related to the glucose concentration in solution.
The optimum potential for measuring these test strips was determined to be -0.6 V, glucose standards over the range of 1 to 20 mM (the indicated linear range of the test strips) were measured, and responses are shown in Figure 5 . The MiniStat recorded currents in the expected range, and the linear correlation between glucose concentration and measured current indicates that the amperometric measurement mode is performing as expected. This demonstrates the suitability of the MiniStat for interfacing with various enzymatic biosensors or systems where current measurement in the µA to nA range is required. 
D. DETERMINATION OF COPPER
Square wave voltammetry is a versatile voltametric analysis technique, due to its ability to minimize the contribution of non-faradaic (capacitive) currents to the analysis, often allowing more precise current measurement, better separation of interfering voltametric peaks and lower levels of quantification. This technique is implemented through the combination of a square wave and a staircase potential with measurements being taken at the end of the forward potential pulse and again at the end of the reverse potential pulse. The reported result is the differential waveform calculated from the forward and reverse potentials. Due to its relative complexity, most of the available potentiostats found in the literature do not include this functionality. Square wave voltammetry was implemented on the MiniStat, and ASSV (anodic stripping square-wave voltammetry) analysis of copper (Cu) was performed to confirm the implementation was working as expected.
The MiniStat was programmed to hold the potential at −0.5V vs the Ag|AgCl reference to reduce copper onto the working electrode, before being scanned to 0.6 V to measure the copper oxidation peak, which can then be related to the copper concentration in solution. The linear calibration between copper concentration and current measured from 10 to 75 ppb shown in Figure 6 confirms the MiniStat square wave voltametric implantation is working correctly, and that the MiniStat could be used to measure various metals via ASSV or any other analysis benefiting from this technique. [26] . The output potential range and the measurement range are comparable to the other miniature potentiostats, and the experimental capabilities are nearly identical. However, this device has lower output and input resolutions than some of the other reported devices. Improving the resolution as well as reducing the noise density are key areas which increase the size and cost of the devices, the much larger size of these more precise devices reflects this. As the focus of this device was on a low-cost remote sensing device at small size, these precision parameters were not focused on. Accordingly, the MiniStat fills an important gap in the existing field of potentiostats. One observation which was also made was that all of the general purpose potentiostats reviewed were powered through a computer USB connection. The MiniStat has been designed to work remotely and as such operates on any DC power source over 3.7 V. The existing version of the device communicates via USART to a computer. However, a number of different communication mechanisms could be integrated into the device such as Bluetooth, WiFi or Cellular communications based on the users requirements.
E. COMPARISON TO EXISTING SOLUTIONS
IV. CONCLUSION
By integrating newly developed high accuracy components with modern microcontrollers, it is clear to see how experimental methods once confined to high cost, large footprint laboratory equipment can be implemented in a low-cost, small form-factor device. This expands the scope of use for potentiostats to: portable handheld systems, embedded systems to be deployed on a large scale in-situ in locations and allows laboratories to run large numbers of experiments simultaneously. This paper outlined the design and development of the MiniStat device, and presented a range of electrochemical experiments including: chronoamperometry, a technique used for a large range of electrochemical analysis, cyclic voltammetry one of the most common electrochemical techniques, and anodic stripping square wave voltammetry, an increasingly used electrochemical technique with a higher level of complexity. These experiments clearly indicated that the device was operating as an accurate potentiostat, outputting accurate voltages and precisely measuring the resulting current. The results of the device are in very good agreement with our $8500 USD commercial system. However, it should be made clear that there are inherent tradeoffs when using a system which is significantly smaller and only a fraction of the price of commercially available systems. The MiniStat cannot fully replace the laboratory potentiostat but is designed to be used in situations where a full-sized lab potentiostat is impractical or impossible. The MiniStat does not come with the highly sophisticated software included with most laboratory grade potentiostats, and it does not have the same level of versatility. A benchtop potentiostat can be used in a variety of different experiment types in a laboratory setting, while the MiniStat takes longer to switch between experiment types. In addition, a laboratory potentiostat such as the Autolab PGSTAT204 has a much higher level of accuracy than the MiniStat, in both output potential and current measurement, and can operate across a variety of measurement ranges with ease. However, these advantages come at a cost, the benchtop potentiostat is larger, significantly more expensive, and uses more power. In situations where an extremely high degree of precision is not required, or where it is impossible to use a benchtop potentiostat, the MiniStat is a valid option. This work demonstrates the flexibility, as well as the future development potential of the MiniStat as a platform for the use of electrochemistry techniques outside the laboratory. VOLUME 7, 2019 
